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Abstract
Direct numerical simulation (DNS) with multi-step hydrogen-air chemical kinetics is used to investigate the near-
ﬁeld of a ﬂame stabilized above a reactive jet in cross-ﬂow (JICF). JICF conﬁgurations are typically used where rapid
mixing is desirable; classical applications are fuel injection nozzles and dilution holes in gas turbine combustors. Due
to the computational cost of DNS, approximate solution methods such as large-eddy simulation (LES) are essential to
parametrically study the e ect of changing fuel jet conﬁgurations on the far ﬁeld, but these methods require submodels
capable of accurately capturing the near-ﬁeld ﬂame stabilization for success. By incorporating a wealth of turbulence-
chemistry interactions (between the ﬂame and vorticity generated by the jet shear layer instability as well as product
recirculation by a large counter-rotating vortex pair), this DNS is exceptionally well suited to exploration of unclosed
terms in LES formulations such as the chemical source-term. One quantity of direct relevance to several models for
stratiﬁed combustion, such as the Bray-Moss (BM) model and doubly-conditional source-term estimation (DCSE), is
the ﬁltered density function for the mixture fraction   and partially premixed progress variable c. Empirical extraction
of the ﬁltered density functions of progress variable and mixture fraction at two representative locations demonstrates
the complexity of approximating these two functions from a one- or two-parameter functional form.
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1. Introduction
Global reduction of greenhouse-gases and pollutant
emissions has become an important issue for the en-
ergy sector and in this respect hydrogen-rich gases have
emerged as candidate fuels in pre-combustion CO2 sep-
aration scenarios, for large scale power generation with
carbon capture and storage (CCS), and in the context
of coal gasiﬁcation (IGCC). While gas turbine com-
bustors burning hydrocarbon fuels in lean premixed
(LPM) mode have reached a high level of maturity [1],
only moderate success has been achieved by gas tur-
bine manufacturers in developing e cient, environmen-
tal friendly, combustion chambers that burn hydrogen-
rich fuels and operate safely and reliably in LPM mode
[2]. One of the ﬁrst and most serious design challenges
forthepremixersectionofsuchhydrogen-ﬁredcombus-
tors is the issue of fuel injection. High reactivity of the
hydrogen fuel when injected into the relatively hot ox-
idant stream exiting the compression stage complicates
identifying a fuel injection conﬁguration that does not
allow ﬂame stabilization in the near ﬁeld of the fuel in-
jection nozzle. This is critically important, as it ensures
intrinsic (passive) ﬂashback safety of the fuel injection
system: in the eventuality that an o -design transient
event allows the ﬂame to propagate upstream of its de-
sign position inside the premixer, an intrinsically safe
fuel injection system is able to ﬂush the ﬂame out of the
premixer as soon as the o -design transient has receded.
A design providing anchoring locations is therefore un-
acceptable, so a clear understanding of the mechanism
for ﬂame anchoring in this conﬁguration is a valuable
design aid.
The objective of the present work is to shed light
on the unresolved features when a fully resolved so-
lution for such a jet is subjected to ﬁltering opera-
tions. In Reynolds-Averaged Navier Stokes (RANS) or
Large Eddy (LES) simulations, such unresolved behav-
ior must be accounted for. Modelling partially premixed
combustion requires non-trivial extensions beyond pre-
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subgrid distribution of markers for mixture preparation
(mixture fraction) and ﬂame propagation (progress vari-
able) requires that the presumed form for the subgrid
pdfs be capable of e ectively representing the distribu-
tion.
JICF conﬁgurations are characterized by a high de-
gree of unsteadiness and by large-scale coherent vorti-
cal structures that form in the wake of the transverse jet
[3]. These structures stretch the interface and increase
the area available for molecular mixing which increases
the mixing rate, facilitating combustion. Previous DNS
studies of inert JICF conﬁgurations [4, 5, 6, 7, 8] have
shown that several factors, e.g.: the momentum ratio be-
tween the transverse jet and the cross ﬂow, the shape of
the nozzle, the angle of injection, the thickness of the
approaching cross-ﬂow boundary layer, inﬂuence the
ﬂow and scalar mixing ﬁelds. Further, Hasselbrink and
Mungal [9] showed observed experimentally that heat
release in a reacting case can inﬂuence the overall rate
of cross ﬂow ﬂuid entrainment.
Direct numerical simulation (DNS) of the reactive
JICF studied here provides detailed information about
the ﬂow structures and turbulence-chemistry interaction
which facilitate ﬂame stabilization. In addition to fully
resolving the turbulent velocity ﬁelds, the two-way cou-
pling between the heat release and the ﬂow ﬁeld is ac-
curately accounted for using multi-step chemical kinet-
ics [10] and molecular transport mechanism. DNS is
uniquely capable of providing the necessary informa-
tion about the turbulent ﬂow and on its interaction, at
a microscale level, with combustion chemical kinetics
to facilitate model testing and development. The nu-
merical simulation presented here, characterized by a
square jet nozzle geometry, is the ﬁrst part of a paramet-
ric study of inert and reactive JICF conﬁgurations that
includes several other nozzle shapes, injection angles,
momentum ratios and turbulence levels.
The remainder of this paper is organized as follows:
Section 2 gives an overview of the numerical method
and case conﬁguration, then Section 3 presents the key
results. Finally, Section 4 summarizes the main ﬁndings
and provides an outline of future planned work.
2. Mathematical Description And Conﬁguration
The Navier-Stokes equations in their compressible
formulation are solved on a 3-D computational domain
using the ﬁnite-di erence solver S3D [11]. The bound-
ary conditions are conﬁgured to simulate a turbulent
ﬂame stabilized in the wake of a transverse laminar fuel
jet exiting a blunt squared nozzle1 orthogonally into a
turbulent boundary layer cross ﬂow over a ﬂat plate.
The wall is assumed inert and no surface reactions are
considered while gas-phase low-temperature recombi-
nation reactions of radical species at the wall are taken
into account. The mechanism from [10] is used to repre-
sent hydrogen-air chemical kinetics including 9 species
and 19 reactions.
Figure 1 depicts an instantaneous illustration of the
solution and includes volume renderings of the hydro-
gen, temperature and HO2 radical scalar ﬁelds.
Figure 1: Volume rendering of temperature (black body colormap),
HO2 (blue colormap), and H2 (green colormap) scalar ﬁelds at
t=2.802ms from start of simulation. Opacity transfer functions ad-
justed to highlight the regions with high temperature, HO2, or H2
mass fraction.
The turbulent cross ﬂow enters the computational do-
main from a non-reﬂecting inﬂow boundary. As the
cross ﬂow direction is not homogeneous in the presence
of the transverse jet and of the ﬂame, the recycling pro-
cedure described in [12] cannot be used. Therefore, an
auxiliary DNS of an inert turbulent ﬂow over a ﬂat plate
is used to provide the reactive case with the initial tur-
bulent ﬁeld and inlet turbulence. The auxiliary simula-
tion is performed at lower resolution (     100µm); the
auxiliary grid is comprised of 384   240   300 points
spanning physical dimensions 40mm   20mm   20mm
in the x,y,z directions. Periodic boundary conditions are
applied in the spanwise and streamwise directions and
the ﬂow is driven by a body force acting in the stream-
1The choice of the squared nozzle shape for the ﬁrst part of the
ongoing parametric study is motivated by its simplicity in the context
of the Cartesian grids used in DNS.
2wise direction. The viscous length scale is measured
a posteriori as    = 35.4µm and the friction velocity
u  = 2.1m/s. Since the domain length is > 1000  ,
we expect it to be su ciently large to adequately cap-
ture the boundary layer structures necessary for real-
istic feed data. After 4 ﬂow through times based on
the mean cross ﬂow velocity (ucf = 55m/s) a realis-
tic boundary layer is established and sampled over con-
tinued evolution. Although the turbulent feed data is
time evolving, the increase in the boundary layer thick-
ness is very small between the start and end times of
the main ﬂame simulation. The boundary conditions
areimplemented followingthemethoddescribed in[13]
and [14], including the successful improvements of [15]
and [16]. For the main simulation, the boundary condi-
tions are: non-reﬂecting at the inﬂow (x = 0) and out-
ﬂow (x = Lx,y = Ly) planes, no-slip isothermal solid
surface at the wall boundary (y = 0), and periodic in the
spanwise direction (z = 0 and z = Lz). The temperature
of the wall and of the cross ﬂow air is set to 750K while
the fuel jet temperature is set to 420K.
2.1. Reacting DNS
The three-dimensional Cartesian grid used for the
production simulation is uniform in the stream-wise and
span-wise directions and is reﬁned in the wall-normal
direction near the solid surface using a tanh mapping.
The production grid is comprised of 1.6 · 109 points ar-
ranged as 1408 1080 1100 in the x,y,z directions with
physical domain dimensions 25mm   20mm   20mm.
The ﬁrst point o  the wall is at y+ = 0.33 where the
superscript + indicates non-dimensionalization by the
viscous length scale    computed from the feed data.
The production grid resolution is  x+   0.5 ( x = 17.8
µm),  y+   0.3–0.7 ( y = 10.2–24.3µm) and  z+   0.5
( z = 18.2µm). The simulation is run on 48 000 cores
of Jaguar, the Cray XT5 at ORNL, and used approxi-
mately 4M cpu hours.






3980 423k 750k 4.5 3.4 0.1
Table 1: Simulation parameters (Rejet is based on hydraulic diameter)
The velocity ﬁeld for the production simulation is
initialized with the velocity ﬁeld present in the auxil-
iary domain at the instant the feed data sampling was
started. After transitioning the jet inlet velocity to its
ﬁnal value over 10µs, the simulation is advanced an ad-
ditional ﬂow-through time to establish the fuel plume.
Next, reaction is enabled and a ‘ﬂame anchor’, consist-
ing of a notional heated rod, is placed in the ﬂow to
coincide with ﬂammable mixture for only 8 µs before
it is removed. Once all of the ﬂuid present in the do-
main when the ﬂame anchor is removed exits through
the outﬂow boundary, the solution is up-sampled to the
production grid.
3. Results and Discussion
The DNS results can be post-processed by temporal
averaging or spatial ﬁltering as appropriate to consider
the solution in either the RANS or LES paradigm. In
this section we will consider the temporally averaged
avenue only so far as to indicate how the instantaneous
ﬁelds relate to the statistically stationary behavior.
To parametrize the ﬂame front two variables are used:
a mixture fraction   computed using the hydrogen and
oxygen elemental mass fractions and a progress vari-
able c deﬁned with reference to the local mixture frac-
tion. Such a progress variable is a useful ﬂame marker
which is frequently used for stratiﬁed premixed ﬂames,
e.g. [21]:
c  
YH2O   YH2O,u( )
YH2O,b( )   YH2O,u( )
, (1)
where the burnt and unburnt states are deﬁned with re-
spect to an appropriate reference conﬁguration. Here,
we chose complete combustion for the burnt reference
state.
3.1. Mean ﬂame stabilization
Time averages of the mean quantities were accumu-
lated over a 0.4ms window using 50 snapshots of the
solution saved at 8µs intervals. The resulting time aver-
aged solution on the midplane in the spanwise direction
is shown in the top (mixture fraction, normalized heat
release rate) and bottom (normalized heat release rate,
velocity magnitude) parts of Figure 2. From the heat
release contours, we can see that the ﬂame stabilizes,
on average, at 1.5–2 jet widths downstream and 3–5 jet
heights from the jet exit. The peak heat release is co-
incident with a region where the magnitude of the aver-
age ﬂow velocity is locally low and the average mixture
fraction   = 0.171 is near stoichiometric (the stoichi-
metric mixture fraction is  st = 0.169). The isolines
in Figure 3 show where the magnitude of the mean ve-
locity falls below 25m/s, or approximately 10% of the
maximum velocity in the domain; the vectors indicate
thein-planevelocity. Inthespanwisedirection, thepeak
heat release is located on the center-line, just above and
betweenthelargecounter-rotatingvortexpairwhichhas
been identiﬁed in non-reactive jet-in-cross-ﬂow studies
3Figure2: SlicesonthemidplaneshowingRANSaveragedsolutionfor
mixture fraction and normalized heat release rate (top) and velocity
magnitude and normalized heat release rate (bottom).
Figure 3: Slices orthogonal to mean ﬂow direction showing RANS av-
eraged solution for heat release rate normalized by peak heat release
rate, in-plane velocity vectors, and isolines for the mean velocity mag-
nitude.
[3] as contributing signiﬁcantly to mixing between the
jet and cross-ﬂow ﬂuids [8].
3.2. Instantaneous solution
The instantaneous solution is shown on the midplane
in Figure 4 where the mixture fraction is overlayed with
contours of instantaneous heat release. Comparison of
this ﬁgure with Figure 5, where the corresponding spa-
tially ﬁltered solution is shown, illustrates the loss of
ﬁdelity from the ﬁltering operation. The spatial ﬁlter-
ing was performed using a top-hat ﬁlter of width 0.5mm
(one-half of the characteristic jet dimension).
Figure 4: Slice on the midplane showing instantaneous mixture frac-
tion at t=2.808ms. Lines represent 8 · 109 and 1 · 1010J/m3/s isocon-
tours of the instantaneous heat release rate.
In Figure 5, we can identify two qualitatively dif-
fering portions of the ﬂame front. In the vicinity of
y/d   5–10, x/d   7–12 is a region where the ﬂame
is thickened in Figure 5 and the situation is highly vis-
ibly intermittent with respect to both composition and
heat release in Figure 4. This region corresponds to the
location where the majority of the heat release occurs in
the temporal mean (see Figure 2). Downstream of this
region, the ﬂame front is less intermittent, the instan-
taneous and mean heat release is lower, and the ﬂame
front is visibly more compact.
In Figure 6, empirical subgrid pdfs computed by nor-
malizing histograms extracted from the DNS are shown
for the intermittent, high heat release region. The pdfs
show how the subgrid distribution of the partially pre-
mixed progress variable (Equation 1) and mixture frac-
tion varies through the primary heat release zone. The
series in the plots in Figure 6 are all taken from the mid-
plane at y/D = 5; the individual series span x/D = 7.5
through x/D = 10. Through the ﬁltered ﬂame front,
the pdf develops a peak between c   0.1–0.2 and the
unburnt gas fraction drops. Near the center of the reac-
tion zone the subgrid pdf is almost entirely comprised
of partially burnt gas (x/D   8.75). Near the back side
of the ﬂame, a peak develops around c   0.8 which
then evolves towards the fully burnt state. At the same
time, the mixture fraction pdf is very broad, indica-
tive of the intermittency in composition at this location,
4Figure 5: Slice on the midplane showing ﬁltered mixture fraction at
t=2.808ms. Lines represent isocontours of the instantaneous progress
variable from c = 0.2 through c = 0.8.
and evolves signiﬁcantly across the ﬂame front. This
rapid evolution suggests that the mixing and reaction
timescales are comparable.
Figure 6: Variation of normalized histogram of progress variable and
mixture fraction along y/D = 5 from x/D = 7.5–10. Histogram is
normalized to form empirical pdfs p(c) and p( )
In Figure 7, similarly obtained pdfs are shown on the
midplane at x/D = 14, y/D = 8.5–10.75, where the
heat release is lower and the ﬂame front resembles a
conventional laminar ﬂamelet. At this location the fuel
and oxidizer are more fully mixed and the distribution
of mixture fraction far narrower than at the previous lo-
cation shown in Figure 6. Across the ﬂame front a sim-
ilar trend is apparent in the progress variable distribu-
tion: partially burnt gas with progress variable c   0.8
is present in signiﬁcant quantity in many of the ﬁlter
volumes across the ﬂame front. The persistent peak in
the pdf at c < 1.0 suggests that approximating this em-
pirical pdf with a conventional three part pdf (e.g., [22])
will be challenging.
Figure 7: Variation of normalized histogram of progress variable and
mixture fraction along x/D = 14, y/D = 8.5–10.75. Histogram is
normalized to form empirical pdfs p(c) and p( )
4. Concluding Remarks
Approximation of the subgrid distributions of the
mixture fraction and progress variable is a prerequisite
for e ective deployment of presumed pdf models in the
LES context. In this work, we have shown that, for a ﬁl-
ter width su ciently small to partially resolve the ﬂame
front, the progress variable pdf has a challenging form.
Promising approaches for approximating the pdf with a
3-part functional form, such as proposed by Bray et al.
[22], may have di culty reproducing the peak occur-
ring at c < 1. While this di culty may be alleviated by
5an alternate deﬁnition for the progress variable, doing
so risks loosing the ﬁdelity of the parametrization of the
reaction zone. Future work is necessary to quantify the
error in using presumed one- and two-parameter func-
tional forms to approximate such pdfs, and to determine
the degree to which the joint pdf of progress variable
and mixture fraction may be separable.
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